Abstract Drying is one of the most important post-harvest processes for reducing the moisture content of agricultural products and improving their performance has obvious benefits. Most dryers are convective type in which hot air is used for reduction of product moisture content. Effect of adding a desiccant unit to a re-circulating convective dryer on thin layer drying kinetics of corn kernels is reported here. The influence of the desiccant unit, drying temperature and flow rate on drying time, moisture diffusivity coefficient and reactivation energy were investigated. The experiments were conducted at air temperatures of 50, 60 and 70°C and flow rates of 1, 1.4 and 1.8 kg/min with and without the desiccant unit. Results showed that the use of the desiccant wheel decreased drying time by 9.75% and increased drying rate by 7.85%. Application of a Logarithmic model for fitting the data, while being simple, resulted in good statistical indexes (R 2 and RMSE). Moisture diffusivity coefficient was obtained to be in the 3.47258 9 10 -11 to 8.18826 9 10 -11 m 2 /s range, while activation energy varied between 14.2931 and 17.6770 kJ/mol on the average. Therefore, utilization of the desiccant unit accelerates moisture extraction from corn samples.
Introduction
Many studies have been conducted on thin layer drying of agricultural products. Energy consumption is the most important factor affecting dryer performance. Thin layer drying of whole banana at 40, 50, 60, and 70°C was investigated using mathematical models. Among the selected models, those proposed by Page and da Silva were the best ones to describe the drying kinetics (da Silva et al. 2014) . Shi et al. (2013) investigated the thin layer drying kinetics of yacon (Smallanthus sonchifolius) at 5, 15, 25, 35 , and 45°C in a heat pump dryer. They concluded that air velocity and temperature have significant effects on yacon drying and proposed the Midilli model for modeling the drying process of yacon. Performance of an indirecttype forced convection solar tunnel dryer was evaluated in a study investigating thin layer drying kinetics of ghost chili pepper (Capsicum Chinense Jacq.) in a convective dryer as compared to open drying under the sun (Rabha et al. 2017) . The exhaust air from dryers has higher temperature compared to the ambient air while it is not saturated and thus has the capacity of moisture removal from the product. Previous studies have shown that the exhaust air from convective dryers has 70-174 kcal/kg of water removal energy capacity. Therefore, numerous studies have been conducted to decrease energy consumption in convective dryers. Recirculating a part of the exhaust air into the drying chamber and mixing it with fresh air for Electronic supplementary material The online version of this article (doi:10.1007/s13197-017-2914-z) contains supplementary material, which is available to authorized users.
drying of the product is one of the easiest methods which can be removed using desiccant system (Iguaz et al. 2002) . This method results in longer drying time due to higher drying air humidity (compared to the ambient air) which can be removed using desiccant systems (Das et al. 2001) . Because of advantages such as low energy requirements, low development costs, and not producing polluting gases, desiccant systems have been developed in recent years and can be utilized for drying systems worldwide (Madhiyanon et al. 2007 ).
The effect of desiccant wheel integration on drying performance of a solar dryer was studied by drying of apricots (Hodali and Bougard 2001) . According to the results, drying time was decreased from 52 to 44 h. Moreover, the final product had better quality compared to the product dried with solar dryer without the desiccant system. Results of another study about drying coconut with integration of a desiccant unit in a recirculating convective dryer showed that, on the average, drying time reduced by 25% and thus, the drying rate increased. However, the energy consumption increased by 40-80% due to the energy required for reactivation of the desiccant (silica gel). In addition, the color of dried coconut was better than that dried without using the desiccant unit (Madhiyanon et al. 2007 ). An overview of adsorbents in the rotary desiccant dehumidifier for air dehumidification was presented by Wang et al. (2013) . They concluded that heat of adsorption should be taken into consideration because it increases the temperature of the desiccant material and results in decreased adsorption capacity. According to their studies, the effectiveness of dehumidification process depends on the adsorbent and adsorbate, as well as the substrates and environmental conditions (Wang et al. 2013) . Numerous investigations have been conducted to determine the energy efficiency of desiccant systems. A numerical simulation for the amount of energy and cost savings obtained with a desiccant system combined with other cooling alternatives in the air conditioning of a hot and humid climate was conducted (Czubinski et al. 2014 ). According to the results, when using solar energy to regenerate the desiccant wheel, utilization of the desiccant system is the arrangement with smaller operational cost compared to that without it. A comparison between air regeneration and superheated steam regeneration of a desiccant wheel with zeolite as adsorbent was reported by Goldsworthy et al. (2015) . According to the experimental results, the regeneration temperature for superheated steam is higher than that for air. Performance of a solar dryer was evaluated by integration of a desiccant wheel into the inlet of the drying chamber. Results indicated that addition of the desiccant wheel improved the performance of the solar dryer. Optimal rotation speed of the desiccant wheel was determined to be 15 rph (Kabeel and Abdelgaied 2016) . In another study, Abasi et al. (2016) added a desiccant wheel into the re-circulation path of a convective dryer. They reported an average decrease of 9.75% in drying time and increase of 7.85% in drying rate which favored the addition of desiccant wheel to the convective dryer.
Large-scale cultivation of corn and its importance in supplying food and feed requires innovation and utilization of new systems and methods in convective dryers to improve drying performance. A review of previous studies shows that there has not been any study related to the kinetics of thin layer drying of corn in recirculating convective dryers using desiccant units. Thus, the effects of drying temperature, air flow rate and desiccant unit on the kinetics of thin layer drying of corn was investigated in this study.
Materials and methods
The experiments were conducted using a recirculating convective dryer, shown in Online Resource 1, at drying temperatures of 50 (T 1 ), 60 (T 2 ) and 70 (T 3 )°C and air flow rates of 1 ( _ m 1 ), 1.4 ( _ m 2 ) and 1.8 ( _ m 3 ) kg/min. The drying air was sent into the drying chamber to dry corn samples and then 60% of this air was recirculated to the inlet of the drying chamber to be reused for corn drying. Thus, the drying air consists of two parts that are recirculated air (60% of drying air) and ambient air (the remaining 40% consisting of fresh).
The experiments were conducted with and without integrating the desiccant wheel. The exhaust air from the drying chamber is sent to the processing section. The desiccant material absorbs the exhaust air moisture and delivers dry hot air having a lower moisture content. The desiccant material is saturated by absorbing moisture from the humid air, thus, it should be reactivated to reduce its moisture content. The reactivation process of the desiccant material is done by the hot reactivation air in the reactivation section. During drying, the desiccant wheel rotates at a low speed by the drive motor to allow the desiccant material be exposed to process and reactivation air of the desiccant wheel.
Due to the low reactivation temperature (60-90°C), silica gel was selected as a desiccant material (Restuccia et al. 2004) . According to previous studies on desiccant wheel parameters (Hamed 2005; Jia et al. 2007; Madhiyanon et al. 2007 ), the desiccant wheel for this study was constructed with these specifications: wheel diameter of 30 cm, wheel height of 20 cm, rotational speed of 30 rph, and section ratio of 0.25.
Before the experiments, moisture content of the samples was measured using a Kett, PM-600 moisture meter (Japan) to be 26% (w.b.). Then, 10 kg of corn samples were weighed and placed in the drying chamber. During the drying process, hot air temperature and velocity were measured using a LM 35 thermal IC with an accuracy of ± 0.5°C, and an Anemometer (Lutron-YK, 80 AM Taiwan) with an accuracy of ± 0.1 m/s. Also, measurement and display of sample weight was done using Zemic L6D 20 kg ± 1 g load cell and TIKA TD 1000 indicator. Drying process was halted when the sample reached a final moisture content of 13-14% (w.b.). Effects of temperature, air flow rate and desiccant wheel on drying time and drying rate were investigated using a completely randomized design. Moreover, variations in moisture ratio and drying rate with time were studied.
Moisture ratio
Material moisture ratio depends on the initial moisture (M o ), equilibrium (M e ), and instantaneous moisture content (M t ) of the sample as expressed in Eq. (1).
where MR is moisture ratio; M is instantaneous moisture content (kg moisture/kg dry matter); M e is equilibrium moisture content (kg moisture/kg dry matter) and M o is initial moisture content (kg moisture/kg dry matter). For long drying times, Eq. (1) can be simplified as Eq. (2) (Doymaz 2007) :
Drying rate
Drying rate is calculated using Eq. (3) (Ö zbek and Dadali 2007):
where DR is drying rate (kg/min); M t is moisture content at time t (kg); M t?dt is moisture content at time t ? dt (kg) and dt is time step (min).
Effective diffusivity coefficient
The logarithm of the first expression of Fick's second law (Crank 1979) can be used to describe moisture transfer during the descending period of the drying process with good accuracy using Eq. (4).
where D eff is diffusion coefficient (m 2 /s); t is drying time (s) and r is radius of sphere (m).
Equation (4) 
Since, effective moisture diffusivity is dependent on temperature, the Arrhenius equation was applied to determine the activation energy in each treatment (Eq. 6) (Akpinar et al. 2003; Babalis and Belessiotis 2004 )
where D o is pre-exponential factor (m 2 /s); E a is activation energy (kJ/kg mol); R g is universal gas constant (kJ/ kg mol.K) and T abs is air temperature (K).
Mathematical model
In order to obtain the relationship between moisture ratio and drying time of corn samples, effects of temperature and air flow rate on drying time were investigated using least squares error multiple regression. Modeling of thin layer drying equations of agricultural products used in this study are presented below. Equations 8-12 have been named as: Page (Simal et al. 2005) , Newton (Ayensu 1997), Midilli (Menges and Ertekin 2006) , Logarithmic (Dandamrongrak et al. 2002) , and Two term (Diamante and Munro 1993) models respectively. These are the famous models for prediction of moisture ratio during the drying process.
MR ¼ a expðÀk 0 tÞ þ b expðÀk 1 tÞ ð 11Þ
Results and discussion
Changes in the moisture content of corn kernels versus drying time at drying temperatures of 50, 60, and 70°C and air flow rate of 1 kg/min, with and without the desiccant wheel are shown in Online Resource 2. It is clear that an increase in air temperature and flow rate decreases the drying time. Also, using the desiccant wheel significantly decreased the drying time in all treatments. Similar results were obtained for flow rates of 1.4 and 1.8 kg/min.
Moisture content of the air passing through the corn kernels increases due to moisture absorption from the kernels that leads to an increase in the pressure of air stream. When this air is recirculated to the inlet of the drying chamber, moisture extraction from kernels occurs at a lower rate which leads to an increase in drying time (Iguaz et al. 2002) . Using Silica gel in the path of recirculating air before reaching the chamber, absorbs the drying air moisture. Thus, vapor pressure of the air stream decreases which results in increasing the capacity of the drying air to absorb the crop moisture leading to shorter drying times (Seyhan and Evranuz 2000) . Using the desiccant wheel, the highest and the lowest reduction in drying time were 73 and 20 min obtained at 1 kg/min-50°C and 1.8 kg/ min-70°C treatments, respectively. Table 1 shows the effect of desiccant wheel integration on reducing the drying time and increasing the drying rate. The highest reduction in drying time was observed at air flow rate of 1 kg/min and temperature of 50°C (15.9%) while the lowest was observed at 1.8 kg/min and 70°C (8.9%). Integrating the desiccant wheel into the dryer, reduced the drying time by 9.75%, on average. Other researchers have also observed that desiccant wheel reduces the drying time (Hodali and Bougard 2001; Madhiyanon et al. 2007 ). For instance, using the desiccant wheel led to a reduction in drying time of coconut by 20% (Madhiyanon et al. 2007 ).
It can be seen from Table 1 that the drying rate of corn kernels increases in all treatments when using the desiccant wheel, since, absorbance of air moisture by the desiccant material leads to a decrease in relative humidity. This air, mixed with the ambient air, forms drying air with lower vapor moisture content in comparison with the air that has not been through the desiccant unit. Thus, this mixed air is more effective for drying the material resulting in better drying.
According to Table 1 , at low levels of temperature and flow rate, desiccant wheel performance is much better than that at high temperatures and flow rates. This higher performance is due to the higher absorption properties of the desiccant material at low air temperatures and flow rates. The desiccant unit increased corn drying rate by 7.85%, on average. The highest increase in drying rate was 13.6% at air temperature of 50°C and flow rate of 1 kg/min while the lowest was 6.9% at 70°C and 1.8 kg/min. Results showed that the desiccant wheel is more effective at low air temperatures and flow rates because the drying rate increases at a higher slope.
The values of moisture diffusivity coefficients of corn kernels in different treatments, with and without the desiccant unit are shown in Table 2 . As the results show, this coefficient increases with air temperature and flow rate. In addition, results show that moisture diffusivity coefficient increases with the desiccant unit in the recirculation path of the drying air. The reason for this is due to the decrease in drying time produced by integration of the desiccant wheel which increases moisture removal speed. Rate of kernel moisture movement from the inner part to the surface and moisture removal from the product has increased with the desiccant wheel. At temperature range of 50-70°C, moisture diffusivity coefficient varied from 3.47258 9 10 -11 to 7.34352 9 10 -11 m 2 /s without the desiccant unit, while, its value when using the desiccant wheel varied between 3.98151 9 10 -11 and 8.18826 9 10 -11 m 2 /s. The results of this study are in agreement with previous research reports. Previous studies showed that the value of moisture diffusivity coefficient for corn kernels in the temperature range of 40-80°C was between 3.6 9 10 -11 and 8.3 9 10 -11 (Mujumdar 2000) while in the temperature range of 55-75°C it varied from 9.488 9 10 -11 up to 1.768 9 10 -10 (Doymaz and Pala 2003).
For flow rates of 1, 1.4 and 1.8 kg/min, the values of activation energy for corn kernels without the desiccant wheel were obtained to be 14.293, 16.193 and 13 .761 kJ/mol, respectively. With the desiccant unit operating, for flow rates of 1, 1.4 and 1.8 kg/min, the values of activation energy were 17.677, 14.638 and 14.874 kJ/mol, respectively. Doymaz and Pala (2003) reported the activation energy for corn kernels to be in the 29.56-30.56 kJ/mol range (Doymaz and Pala 2003) .
The famous models used for modeling the drying process are presented in Eqs. 7-11. SPSS19.0 was used for modeling thin layer corn drying with and without the desiccant wheel. Values of the regression coefficient (R 2 ) and root mean square error (RMSE) related to these models are reported in Table 3 .
The Logarithmic model is recommended for its simplicity and good accuracy in predicting the moisture ratio of corn kernels during the drying process. Midilli and Kucuk (2003) reported that the Logarithmic model can predict moisture ratios of corn and pistachios during drying with good accuracy (Midilli and Kucuk 2003) . Values of the Logarithmic model coefficients with and without the desiccant unit are presented in Table 4 . In general, it is obvious that the values of coefficients a and k increased with the application of the desiccant wheel. The effective factor in this increase is the shorter drying time obtained with the desiccant unit. Making use of the desiccant wheel decreases the drying time and increases the drying rate which will increase the values of the model coefficients. Finally, using Table Curve 3D v4 and multiple regression analysis, the approximate equations for the Logarithmic model's coefficients as functions of temperature (T) and flow rate ( _ m) are estimated with and without the desiccant unit. The results are shown in Table 4 .
Substitution of the relationships of Table 4 in the Logarithmic model, will yield the final model of moisture ratio as a function of temperature, flow rate and time (with and without the desiccant wheel). Equations 12 and 13 show the obtained relationships. 
Conclusion
Effect of a desiccant unit installed in the recirculating air path of a convective dryer was investigated. Results showed that, on average, drying time decreased 9.75% and drying rate increased 7.85% by using the desiccant unit. Moreover, due to the special absorption properties of desiccant materials, the desiccant wheel was more effective at low levels of air temperature and flow rate. The highest reduction in drying time, 15.9%, and increase in drying rate, 13.6%, occurred at air temperature of 50°C and flow rate of 1 kg/min. The lowest reduction in drying time, 8.9%, and increase in drying rate, 6.9%, was observed at 70°C and 1.8 kg/min. Utilization of the desiccant wheel increased the moisture diffusivity coefficient. Without using the desiccant unit, values of moisture diffusivity coefficient were in the 3.4726 9 10 -11 m 2 /s to 7.3435 9 10 -11 m 2 /s range, while, with the desiccant unit operating, these values varied in the range of 3.982 9 10 -11 m 2 /s to 8.188 9 10 -11 m 2 /s. Thus, it can be concluded that the desiccant unit improves drying kinetics of corn.
